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Phylogeny suggests that the evolution of placentation in mammals was accompanied by
substantial changes in the mammalian immune system: in particular lymph nodes and CD4
high afﬁnity memory antibody responses co-evolved during the same period. Lymphoid tis-
sue inducer cells (LTi) are members of an emerging family of innate lymphoid cells (ILCs)
that are crucial for lymph node development, but our studies have indicated that they also
play a pivotal role in the long-term maintenance of memory CD4T cells in adult mammals
through their expression of the tumor necrosis family members, OX40- and CD30-ligands.
Additionally, our studies have shown that these two molecules are also key operators in
CD4 effector function, as their absence obviates the need for the FoxP3 dependent reg-
ulatoryT (Tregs) cells that prevent CD4 driven autoimmune responses. In this perspective
article, we summarize ﬁndings from our group over the last 10years, and focus speciﬁcally
on the role of LTi in thymus.We suggest that like memory CD4T cells, LTi also play a role in
the selection and maintenance of theTregs that under normal circumstances are absolutely
required to regulate CD4 effector cells.
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INTRODUCTION
Astheirnamesuggests,lymphoidtissueinducercells(LTi)orches-
trate the development of lymphoid tissues, as has been reviewed
elsewhere (Mebius, 2003; Eberl, 2005). Here, we consider both
the wider importance of LTi in mammals, and the likelihood that
their contribution to modern immunity originated in early innate
protection. Key characteristics of LTi that extend their relevance
beyond lymphoid tissue development are: their persistence into
adulthood in both mice (Kim et al., 2003) and men (Kim et al.,
2011), and their central role in T cell independent antibody pro-
duction in the gut (Tsuji et al., 2008). Table 1 summarizes the
current understanding of LTi phenotypes.
Although LTi are not very numerous, their location at sites of
lymphocytetrafﬁcputstheminpositiontointeractwithCD4cells
as they recirculate between blood and lymph. In spleen, LTi are
tightly associated with mucosal vascular addressing cell adhesion
molecule 1 (MAdCAM-1) expressing cells located in the marginal
sinus and bridging channels, which have been identiﬁed by imag-
ing studies to be points of entry for splenic lymphocytes (Bajenoff
et al., 2008). In lymph node, LTi are located in the subcapsu-
lar sinus and interfollicular areas where intranodal lymphatics
drain lymph to the medulla and efferent lymphatics, again asso-
ciated with MAdCAM-1 expressing cells, and again positioned to
intercept incoming lymphocytes (Figure 1).
Because of their location in cryptopatches adjacent to prolif-
erating epithelial precursors in the lamina propria of the gut, and
because of their constitutive expression of interleukin-22 (Taka-
tori et al., 2009), linked with integrity of epithelium (Wolk et al.,
2004; Aujla et al., 2008; Satoh-Takayama et al., 2008), we have
suggested that LTi might have been lymphocyte participants in
an ancestral innate immune system that antedated adaptive T
and B cell dependent immunity in jawed vertebrates (Lane et al.,
2012).Insupportofthishypothesis,itisknownthatkeytranscrip-
tion factors required for LTi development (Ikaros, Georgopoulos
et al., 1994;T o x ,Aliahmad et al., 2010;R O R γt, Flores et al.,
2007; and Id2, Yokota et al., 1999) have zebraﬁsh orthologs, and
associated genes show synteny between the human and zebraﬁsh
genomes. Teleost genomes also harbor orthologs of the transcrip-
tion factor, AHR (Hahn et al., 1997), which is required for the
expression of interleukin-22 (IL-22; Veldhoen et al., 2008), and
IL-22 is also found in zebraﬁsh genomes, clustered with inter-
feron gamma (IFNγ) and interleukin 26 (IL26), as it is in higher
mammals. Therefore, the genes essential for the generation of IL-
22-expressing LTi were likely to have been present in the ancestral
immune system.
However, in addition to these phylogenetically “old” genes,
LTi also express high levels of many tumor necrosis superfamily
members (TNFSF), some of which are absent in teleost genomes
(Glenney and Wiens, 2007). For instance, the lymphotoxin beta
receptor (LTβR) ligands on LTi that program lymph node devel-
opment (Futterer et al., 1998) are exclusive to placental mam-
mals, but the RANKL expressed by LTi as part of lymph node
development also occurs in teleost genomes (Kong et al., 1999).
Additionally,our work has shown that adult LTi are distinguished
from the neonatal population by their expression of high lev-
els of OX40 ligand (OX40L, TNFSF4; Kim et al., 2011) and in
mouse CD30L (TNFSF8; Kim et al., 2003). Our studies have
found that CD4 T cell memory function is highly dependent
on signaling through both OX40 and CD30 (Gaspal et al., 2005)
suggesting additional roles for LTi in the mediation of adaptive
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Table 1 | Phenotypes of embryonic and adult LTi in human and mouse.
Mouse Human
Embryonic LTi Postnatal LTi Embryonic LTi Postnatal LTi
Th17 gene IL -22 ++ ++
IL -17A ++ +Low
IL -23R ++ ++
Transcription RORγt ++ ++
Factor ID2 ++ ++
AHR ++ ++
Surface CD3 −− −−
Marker CD4 +/−+ /−− − (Low)
CD117 ++ ++
IL -7Rα (CD127) ++ ++
IL -2Rα (CD25) ++ ++
TNFSF OX40L (TNFSF4) − +++ − +++
CD30L (TNFSF8) −+ −−
TRANCE (TNFSF11) ++ ++
TNF , LTα,L T β ++ ++ ++ ++
DR3 (TNFRSF25) ++ ++
Chemokine CXCR5 ++ ++
Receptor CCR7 ++ ++
CCR6 ++ ++
FIGURE 1 | Confocal micrograph of mouse mesenteric lymph node,
showing the localization of LTi at the margins of follicles and in
association with the stromal element MadCAM. Normal lymph node
sections were stained with ﬂuorescent markers for Rorγt (green), IL -7Rα
(Yellow), MadCAM-1 (blue, turquoise), and cell nuclei (gray).
CD4-dependent immune responses. OX40L and CD30L and their
respectivereceptorsarefoundinbirdsandmammals,whichshare
a common ancestor some 300mya, but not in teleosts (Glenney
and Wiens, 2007).
PHYLOGENETIC LINKS BETWEEN THE DEVELOPMENT OF
LYMPH NODES AND CD4 MEMORY
We have previously noted that both lymph nodes and CD4 mem-
ory antibody responses evolved in the same developmental win-
dow: after the divergence of monotremes from other mammals
some166mya,andbeforemarsupialsandeutherianssplitapprox-
imately 148mya (Warren et al., 2008). The key gene missing in
monotremes is the LTβR gene, which is obviously crucial for LTi-
dependent lymph node development, but which is also essential
for generating high afﬁnity CD4-dependent memory antibody
responses (Futterer et al., 1998).
OX40L AND CD30L EXPRESSION BY LTi SUPPORTS CD4
MEMORY BUT IS NOT NECESSARY FOR CD4 EFFECTOR
FUNCTION
OX40 and CD30 are TNSF receptor family members expressed
chieﬂy on activated CD4 T cells, but they can also appear on
CD8 T cells and some non-lymphoid cells (Watts, 2005). Many
studies have examined the phenotype of mice individually deﬁ-
cient in OX40 and CD30 (Croft, 2009), but because of the co-
expressionoftheirligandsonLTi,andthesharingoftheirsignaling
pathways, indicating possible redundancy, we chose to generate
mice deﬁcient in both signals (dKO) by interbreeding CD30 and
OX40-deﬁcient mice.
Notonlywasafﬁnitymaturationoftheantibodyresponseinthe
doubledeﬁcientmicegrosslyimpaired,buttherewasabrogationof
memory antibody responses to CD4-dependent protein antigens
(Gaspal et al., 2005); the profound effect on CD4 T cell perfor-
mancewasincontrasttogeneralconservationofCD8function.By
crossingdKOwithCD4Tcellreceptortransgenic(TcRtg)mice,we
werealsoabletoshowthatprimaryantigen-drivenproliferationof
dKOorsinglydeﬁcientOX40orCD30deﬁcientTcRtgCD4Tcells
was normal, but that their survival was defective both in vivo and
in vitro. Second, this deﬁcit was not restricted to CD4 T cell help
forBcells,asdKOmicewerealsodeﬁcientintheircapacitytoclear
Salmonella, a Th1-dependent CD4 response (Gaspal et al., 2008).
Lamina propria CD4 T cells, previously shown to harbor mem-
ory CD4 populations (Reinhardt et al.,2001) were also dependent
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on OX40 and CD30 signals (Withers et al., 2009). In unpublished
experiments using LTi-deﬁcient mice, we have found that in their
absencememorydoesnotpersist,showingthatitistheexpression
of OX40LandCD30LbyLTithatsupportsCD4memory(see“Are
LTi required for the maintenance of memory”below).
OX40 AND CD30 ARE ESSENTIAL FOR CD4 DRIVEN
AUTOIMMUNITY IN FoxP3KO MICE, BUT LTi ARE NOT
FoxP3 is the transcription factor controlling the development of
T regulatory (Tregs) cells, which temper T cell effector responses
(Fontenot et al., 2003). In mice and men, deﬁciency of FoxP3
causes fatal CD4 driven autoimmune disease (Bennett et al.,2001;
Wildin et al., 2001). Mice lacking FoxP3 (FoxP3KO mice) die of
their autoimmunity at between 3 and 5weeks of age; to test the
requirement for OX40 and CD30 in this CD4 effector-driven dis-
ease, we crossed dKO mice with FoxP3KO mice. The outcome was
dramatic: dKO FoxP3KO did not develop autoimmune disease;
they breed successfully and have a normal lifespan (Gaspal et al.,
2011).
Theexpressionof OX40LandCD30LisnotrestrictedtoLTi,as
activatedBcells,dendriticcells(DCs)andothernon-hemopoietic
cells can express them, but the expression on LTi is high and
does appear to be independent of antigenic stimulation. To test
whetherFoxP3KO diseasewasLTi-dependent,wecrossedFoxP3KO
mice with RORγtKO mice (lacking LTi, but with essentially nor-
malBandDCs)togenerateFoxP3KORORγtKO mice.Althoughthe
onset of FoxP3KO disease was delayed slightly (our unpublished
observations),these mice still developed fatal lymphoproliferative
disease,indicatingthatexpressionbycellsotherthanLTiofOX40L
and CD30L was sufﬁcient to support autoimmune effectors (our
unpublished observations).
ARE LTi REQUIRED FOR THE MAINTENANCE OF CD4
MEMORY?
Our work on FoxP3 dependent autoimmunity (above) indicated
that CD4 effector function was dependent on OX40 and CD30,
but that the abundance of their ligands on LTi was not by itself
driving effector responses. Another context for the relevance of
the high constitutive expression of OX40L and CD30L on LTi is
the LTi- and LTβR-dependent development of lymph nodes and
its co-evolution with the capacity to evoke CD4-dependent mem-
ory antibody responses (Lane et al., 2005). So are LTi required
for CD4 memory? Supportive evidence for this hypothesis is our
ﬁnding that RORγtKO mice that are without LTi behave like CD30
OX40 dKO mice: they fail to evoke memory antibody responses,
although their primary antibody responses are normal (Withers
etal.,2011).IncontrasttodKOmice,however,afﬁnitymaturation
in RORγtKO mice was no different from WT controls, indicating
that OX40L (Kim et al., 2005) and/or CD30L signals from B cells
were sufﬁcient for this aspect of the B cell response.
We have also gone on to test directly whether the absence of
LTi impairs the generation of CD4 memory using CD4 tetramers
developed by the Jenkins laboratory (Pepper et al.,2010),and this
againsupportsthecontentionthatLTiarelikelycandidatesforthe
provisionofthesesignalstomemoryCD4Tcells(ourunpublished
data).
LOCATION OF LTi AT SITES WHERE CD4 LYMPHOCYTES
RECIRCULATE
As described in our introduction,the tissue locations of LTi make
them very accessible to recirculating lymphocytes. This is rele-
vant to what we propose is an important regulatory mechanism
involving IL-7, which has a documented role in the support of
CD4 memory (Surh and Sprent,2008).We have observed that IL-
7 upregulates OX40 on memory CD4 T cells (Gaspal et al., 2005),
leading us to the hypothesis that when recirculating memory CD4
T cells encounter that IL-7-expressing stromal cell populations
in lymph node and spleen (Link et al., 2007; Repass et al., 2009)
theyupregulatetheirsurfaceexpressionof OX40.Theyarethenin
an appropriate state to receive support signals from the OX40L
on LTi, which are in the immediate vicinity. In this way, LTi
could maintain memory CD4 cells speciﬁcally, as OX40 on CD4
effector cells is unaltered in the presence of IL-7 (Gaspal et al.,
2005).
CO-EVOLUTION OF CD4-DEPENDENT REGULATION AND
EFFECTOR FUNCTION?
Perhaps the most interesting aspect of our autoimmunity stud-
ies, showing that FoxP3 dependent Tregs were dispensible in mice
deﬁcient in OX40 and CD30, is the implication that T cell regula-
tion is only relevant in the context of OX40 and CD30 dependent
CD4 effector function. This further implies that CD4 regulation
and effector function co-evolved and that the mechanism of Tregs
action must operate by affecting the delivery of OX40 and CD30
signals to CD4 effector cells. We think there is a clear possibil-
ity that Tregs work by regulating the OX40 expression of CD4 T
cells primed to become effectors. On APCs such as B cells and
DCs (Kim et al., 2005), OX40L is co-expressed with the CD28-
ligands, and is upregulated by activation signals like CD40L from
primed CD4 T cells (Ohshima et al., 1997; Brocker et al., 1999).
Expressionof OX40onCD4TcellsduringprimingishighlyCD28
(Walker et al., 1999) and IL2 dependent (Williams et al., 2007).
Therefore an effective strategy for Tregs is to compete for access to
CD28-ligands during priming through expression of CTLA4, the
CD28 competitor, required for Treg function (Wing et al., 2008;
Schmidt et al., 2009), and now shown to actively deplete CD28-
ligands from the antigen-presenting surface (Qureshi et al.,2011).
The signiﬁcance of the mechanism of action of Tregs to our dis-
cussion of LTi is that OX40 signaling in effector T cells can be
regulated without necessarily involving levels of ligand expres-
sion. This pertains directly to one feature of normal adult LTi that
attracted our attention very early on: the constitutive expression
of high levels of OX40L (in the absence of the CD28-ligands and
CD40L), which we have since observed to be undiminished in
FoxP3KO mice (our unpublished data). This is the crux of what
we believe to be the deﬁning role of LTi in modern mammals:
the maintenance and regulation of the memory pool of CD4 T
cells independent of the regulation of the effector arm of the
immune response. We propose that LTi are invulnerable to the
regulatory machinations of Tregs due to their absence of effector
costimulatory molecules, but keyed into CD4 T cell support pro-
vided by LTi by virtue of their constitutive OX40L (and CD30L)
expression.
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FIGURE 2 | Confocal micrograph of mouse thymic medulla, marking
locations of LTi (green arrows),Tregs (turquoise arrows), andAIRE
+
mTECs (magenta arrows). Inset enlarges an LTi in a cluster with two
mTECs and aTreg. Normal thymus sections were stained with ﬂuorescent
markers for Rorγt (green), IL -7Rα (Yellow), Foxp3 (turquoise), CD3 (blue),
AIRE (magenta), and cell nuclei (gray).
ROLE OF LTi IN GENERATION OF T CELL TOLERANCE IN THE
THYMUS
Inadditiontobeingfoundinlymphnodesandspleen,LTiarealso
found in both the embryonic and adult thymus, where they asso-
ciate with medullary epithelial cells (mTECs; Figure 2). Our own
studies showed that LTi cells are highly efﬁcient regulators of the
developmentofasubsetofmTECthataredeﬁnedbyexpressionof
the autoimmune regulator (AIRE) gene (Rossi et al.,2007),which
controls the intrathymic expression of peripheral tissue restricted
antigens (TRAs; Metzger and Anderson, 2011). In mice, AIRE
deﬁciency has been linked to the onset of multi-organ autoim-
munity while AIRE deﬁcient humans develop autoantibodies to
self-antigens and cytokines (Aaltonen and Bjorses,1999). Further
studiesontheadultthymusshowedthatpositivelyselectedthymo-
cytes can also regulateAIRE+ mTEC development,although mice
deﬁcient in thymocyte positive selection (Hikosaka et al., 2008;
White et al., 2010) still contain AIRE+ mTEC, albeit at reduced
numbers,suggestingthatthecontinuedpresenceof LTicellsinthe
adult thymus may also inﬂuence mTEC development.
Of note, several TNF Receptor family members have been
implicated in mTEC maturation, which ﬁts well with reports
documenting expression of various TNF receptor ligands on
both LTi and positively selected thymocytes. While initial stud-
ies suggested a key role for Lymphotoxin in the regulation of
AIRE+ mTEC development (Chin et al., 2003), subsequent stud-
ies have argued against this. Importantly however, despite their
normal AIRE+ mTEC development, LTβR deﬁcient mice display
disorganized medullary areas that have been linked to the onset
of autoimmunity (Boehm et al., 2003), suggesting a pivotal but
poorly understood role for LTβR in thymus medulla formation
and function. Importantly, LTi constitutively express high levels
of RANK-ligand(L) (TNFRSF11a),and we showed that RANKL+
LTi trigger the maturation of RANK+ AIRE− mTEC progeni-
tors into mature AIRE+ mTEC (Rossi et al., 2007). The involve-
ment of single positive thymocytes in AIRE+ mTEC maturation
can also be explained by their expression of RANKL, although
CD40L – which is expressed by thymocytes but not LTi – has also
been implicated (Akiyama et al., 2008; Irla et al., 2008). Thus,
a scenario emerges suggesting that initial appearance of AIRE+
mTEC in the fetal period is regulated by RANKL+ LTi, while
positively selected RANKL+CD40L+ thymocytes, perhaps acting
in conjunction with LTi, regulate development in the adult thy-
mus. Interestingly, given that the neonatal period has long been
known to represent a key developmental stage in the induction
of T cell tolerance, the contribution from LTi cells to thymic
medullary development in the fetal/neonatal period is likely to
be critical. Indeed, the importance of AIRE mediated neonatal
tolerance has recently been demonstrated by studies in which
the deletion of AIRE+ mTEC is temporally controlled. These
ﬁndings indicate that intrathymic tolerance to AIRE-dependent
peripheral self-antigens is crucial in fetal/neonatal life, and that
the deletion of AIRE+ mTEC in the steady-state adult thymus
does not result in tolerance breakdown unless it is accompanied
by T-lymphopenia (Guerau-de-Arellano et al.,2009). Collectively,
these ﬁndings suggest that the induction of long lasting T cell
tolerance is dependent on the generation of AIRE-expressing
microenvironments in the embryonic thymus, which are fos-
tered in part by LTi cells prior to the emergence of mature αβT
cells. This is compatible with the view that LTi play a pivotal
role not only in the generation of high afﬁnity memory anti-
body responses, but are also involved in purging the emerging
T cell repertoire of self-reactivity, both through negative selec-
tion and potentially through positive selection of Tregs speciﬁc for
self-antigens.
Whereas CD4 effector cells are derived from precursors that
have been purged of self-reactivity in the thymus, at least some
Tregs are positively selected in the thymus on the basis of stronger
TCR signals (Moran et al., 2011) and there is evidence that the
niche for selection of these Tregs is limiting (Bautista et al., 2009).
Previous evidence suggested that Tregs were selected on thymic
epithelium (Apostolou et al., 2002) and evidence has also been
provided for their selection on AIRE+ mTecs; Aschenbrenner
et al., 2007). In this regard, mTECs express many of the cos-
timulatory molecules (CD80, CD86) expressed by the activated
DCs that select naïve T cells into the effector and memory pools
in combination with antigen-speciﬁc signals. Given that Treg
selection in the thymus is in part CD28-dependent (Tai et al.,
2005), and thymic LTi are located adjacent to mTECs (Rossi
et al., 2007), it will be interesting to determine whether LTi cells
are also involved in the intrathymic selection of Tregs, either
directly, or indirectly through their involvement in AIRE+ mTEC
maturation.
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ARE LTi IMPLICATED IN THE SURVIVAL OF Tregs?
As stated above, unlike the naïve CD4 T cell repertoire that is
largely purged of self-reactivity, Tregs are positively selected on
the basis of their reactivity to self-antigens, and show evidence
of having undergone strong T cell receptor signaling in thymus
(Moranetal.,2011).LikeDCs,mTECsexpressCD28-ligands,and
therefore the costimulatory environment is more like that expe-
rienced by naïve CD4 T cells when they are selected by antigen
during priming in secondary lymphoid tissues. As Tregs survival
depends on OX40 and CD30, it seems plausible that, like mem-
ory CD4 T cells, thymic derived self-antigen selected Tregs are
kept alive by OX40 and CD30 signals from LTi as they recir-
culate through secondary lymphoid tissues. Although they lack
IL-7R, characteristically expressed on memory CD4 T cells, Tregs
constitutively express OX40 and to a lesser extent CD30, and
therefore do not require stimulus from IL7-signals to gain access
to survival signals from LTi. We are currently investigating this
possibility.
SUMMARY
Insummary,LTiarepartofafamilyofinnatelymphoidcells(ILCs)
that we postulate had innate function in an ancestral immune
system. However, through their expression of the more recently
evolved TNF-ligands OX40L and CD30L, we believe that they
have been adapted to sustain CD4 memory T cells. We report
datashowingthatTregs aredispensibleintheabsenceof OX40and
CD30, and suggest that CD4 regulation co-evolved with effector
function. Furthermore, we postulate that Tregs selected on self-
antigen-expressing mTecs might also be maintained by LTi, like
memory CD4 T cells, in peripheral lymphoid tissues, to ensure
that inappropriate immune responses to self are not evoked.
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